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EXECUTIVE SUMMARY

Title: | Automated Surface Processing of Large Aircraft — Phase 0
AF Customer: Ogden, Oklahoma City and Warner-Robins Air Logistics Centers
Report Period: June 1999-June 2000

1.0 Introduction

Southwest Research Institute, acting on behalf of the Air Force Coatings Technology Integration
Office (CTIO), has conducted a technology review program to identify new systems for the surface
processing of large aircraft. This project was to develop a simple, low cost paint stripping system
concept to reduce depot flow time, reduce ALC personnel exposure to the extremely hazardous
work environment, and reduce man-hours and lost time due to injuries.

2.0 Approach

The Integrated Process and Product Development (IPPD) method was selected to guide this project
to ensure that the customer requirements would drive the final solution. All three USAF ALCs
(OO-ALC, OC-ALC, and WR-ALC) and the Boeing Aerospace Support Center in San Antonio,
Texas were visited to collect baseline requirements information. The two technologies originally
selected for review by this program were NIST’s RoboCrane® cable operated Stewart platform and
the Grey Pilgrim LLC’'s EMMA® serpentine manipulator. Upon further investigation, the EMMA
manipulator proved not mature enough in development to meet the desired demonstration schedule.
The design team was then tasked to locate and/or develop additional concepts. A “Value Stream
Map” was developed for the depaint process at Hill AFB to better understand the processes involved
and to develop a strategy that could best reduce flow-time. Multiple “brainstorming sessions” and
industry research efforts were conducted. Four final concepts were selected as being potentially
viable. These four were then assessed for their ability to meet the customer requirements by using
James Gregory Associates’ IPPD software to score and compare their potential.

3.0 Results

The final four concepts consist of two carriers (systems that bring the operator close to the aircraft)
and two manipulators (devices that assist the operator in performing his tasks once located near the
aircraft). The two carrier concepts are the RoboCrane®, a cable suspended carrier, based on a
Stewart platform geometry, that yields great maneuverability and control while remaining very rigid;
and the Enhanced Aerial Lift, a concept that applies intelligent control to the joints of an aerial lift
(cherry picker) to allow for intuitive coordinate motion. The two manipulator concepts are the Tripod
Manipulator (patent pending), a high payload to weight manipulator based on parallel link
technology; and a Power Assist Wand, an intuitively controlled telescoping wand which actively
reacts to the blast force and is counterbalanced to offset the weight of the blast hose/nozzle. The
IPPD software calculated that all four concepts show good desirability and manageable risk, and are
therefore worthy of further development. Each of the concepts offers unique benefits and
advantages to the respective ALCs. Thus, they should not be considered as interchangeable
solutions.

v
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4.0 Conclusions/Recommendations

Although there are several commercial and DoD-developed depaint tools/systems available today;
many of them fall short in satisfying the customer’s requirements. The depaint customer, therefore,
needs additional aids to improve an ergonomically difficult and labor intensive task. This program
focused on listening to the depaint customer and subsequently identifying concepts that should
meet the customer’s requirements set. For this reason, it is recommended that all four of the
presented concepts be further developed for a depainting demonstration. This recommendation to
proceed with all four of the concepts is due to the unique needs of each of the ALCs. The four
concepts provide solutions to location specific problems and could dramatically expand the “tool
box” of the depaint customer. It is also recommended that simulations be developed to assist in
developing strategies to increase trigger time and decrease flow-time using these new technologies.
Finally, these concepts offer a new opportunity to explore other nozzles/multi-nozzle/blast
pressures/stand-off distances that would not otherwise be practical in a completely manual process.
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1.0 INTRODUCTION

AFRL identified a technical requirement to evaluate emerging and alternative technologies for their
ability to meet customer requirements in the surface processing of large aircraft. The responsibility
for project management for this effort was tasked to the Air Force Coatings Technology Integration
Office (CTIO). This project addressed establishing a simple, low cost stripping system concept to
reduce depot flow time, reduce ALC personnel exposure to the extremely hazardous work
environment, and reduce man-hours and lost time due to injuries.

2.0 BACKGROUND

Surface processing of large aircraft (i.e., C-130, C-141, K/C-135, C-5) at the USAF Air Logistic
Centers (ALC) during Programmed Depot Maintenance (PDM) requires multiple "on aircraft"
processes including washing, depainting, inspection, surface prep, and painting. These processes
are labor intensive, subject personnel to undue strain, and require extensive stands, fixtures, man-
lifts, or overhead stacker cranes to allow access to the surfaces of the aircraft. Automated
manipulators and carrier systems, when used to access large aircraft surfaces, have the potential
not only to reduce the physical strain placed on a worker but also to improve the quality and
productivity of a process. These improvements, and a reduction in aircraft flow-time during PDM,
can be realized by the capability of automated systems to control and carry multiple process tools
beyond what a single operator is capable of handling.

Past Department of Defense (DoD) programs in automating “on aircraft’ processes have had limited
success. The systems have been physically large, dedicated for specific facilities, processes, and
aircraft, and have attempted a high degree of automation to eliminate the “man in the loop.” This
high level of automation added extensively to the system'’s cost and complexity, and was a main
driver in the development of new technology. There is a need in the DoD for simpler, more flexible
types of “man in the loop” automation, designed to assist and increase a worker's productivity,
reduce aircraft flow-time, and improve the ergonomics/quality of the processes. Recent
developments in advanced automated manipulator and carrier systems have the potential to provide
simple, low-cost approaches for use with large aircraft that can be implemented to assist and
enhance a worker’s capabilities rather than replace him with a totally automated process.

As a part of on-going efforts to improve paint and depaint operations throughout the Air Force, the
Materials and Manufacturing Directorate of Air Force Research Laboratory (AFRL/ML) sponsored a
Paint/Depaint Manipulator Workshop on January 12-14 1999, hosted by Southwest Research
Institute in San Antonio, Texas. The workshop brought together Air Force and Industry
organizations that conduct paint/depaint operations, manipulator technology suppliers and
government R&D personnel. There was a general consensus that a paint/depaint demonstrator
program, with a different approach from previously programs of the past would be of high interest.
Such an approach should use the following philosophy: significantly reduce capital investment
requirements (low automation hardware costs); reduce dependence on sensing and software (put
the operator in the loop rather than autonomous operation); use multiple depaint devices/methods in
the same facility with the potential for simultaneous operation to improve throughput; and emphasize
durability/resiliency in the automated system design and operational concept that minimizes
scheduled/unscheduled downtime. It was decided that such a program should be a multi-phase
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effort with the Coatings Technology Integration Office (CTIO) sponsoring the first phase, Phase 0.
The summary of the efforts of Phase 0 is the subject of this final report. :

3.0 APPROACH

Unlike previous programs that have attempted to automate “on aircraft” processes, it was decided
that the customer requirements would drive this program. The Integrated Process and Product
Development (IPPD) method was chosen to guide this effort. IPPD is a management approach that
addresses salient life-cycle design, development, fabrication and support issues from the outset.
During the last couple of years, AFRL has made considerable progress in adapting industry-proven
IPPD methods and tools to better quantify affordability in terms of best value trades among
performance, producibility, cost and associated risks." James Gregory Associates, Inc. was
contracted by AFRL to facilitate the application of the IPPD method to this program. A detailed
explanation of the IPPD system can be found at www.jamesgregory.com or by contacting James
Gregory Associates, Inc., 4615 Hilton Corporate Drive, Columbus, OH 43232-4151.

As the first step in the process, an Integrated Product Team (IPT) was formed to define the
requirements. All three USAF ALCs (OO-ALC, OC-ALC, and WR-ALC) and the Boeing Aerospace
Support Center in San Antonio, Texas were visited to collect baseline requirements information.
This information was then compiled using the James Gregory Associates’ IPPD software. See
Table 1, Constructed Requirements Set. The requirements were broken down to 5 major
categories: Flow-time, Performance, Multi-Use, Unit Cost and Operating & Support (O&S) Cost.
Each of these categories was then further broken down into subcategories. Each subcategory was
defined, priority assigned, unit of measure established, objective, lower threshold and upper
threshold values established. Although the aircraft and facilities between the four sites differed,
there were consistent requests for the new system. Each ALC emphasized flow-time, improved
ergonomics and 100% real time visualization. The Constructed Requirements Setin Table 1 is the
consolidation of all the requirements requested by the customers.

The two technologies originally selected for review by this program were the NIST’s
RoboCrane® cable operated Stewart platform and the Grey Pilgrim LLC’s EMMA® serpentine
manipulator. Their selection by the USAF precipitated from an open technology review hosted
at SwRI in January of 1999. Upon further investigation during this project, the EMMA®
manipulator proved not mature enough in development to meet the desired demonstration
schedule. The EMMA® manipulator in its current state was too heavy and lacked tool-path-
control needed for the depaint application. Additionally, this technology failed to meet many of
the customer requirements such as ease of use and 100% real time visual operation. The
design team was then tasked to locate and/or develop additional concepts. A “Value Stream
Map” was developed for the Depaint Process at Hill AFB to better understand the processes
involved and to develop a strategy that could best reduce flow-time. See Figure 1. Multiple
“brainstorming sessions” and industry research efforts were conducted. See Table 2 for a list of
industries reviewed for technologies applicable to the depaint process.

Four final concepts were selected as being potentially viable. These four were then assessed
for their ability to meet the customer requirements by using the IPPD software to score and

' IPPD for S&T Quick Reference, James Gregory Associates, Inc., 1999.
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compare their potential.

4.0 RESULTS

- The final four concepts consist of two carriers (systems that bring the operator close to the aircraft)
and two manipulators (devices that assist the operator in performing his tasks once located near the
aircraft). The concepts are as follows:

Carriers:
RoboCrane®

A cable suspended carrier based on a Stewart platform geometry that yields great
maneuverability and control while remaining very rigid. This rigidity is achieved through
the six parallel members in tension while the innovative replacement of telescoping
members with cables allows for a large work volume. The platform has great
application for large facilities servicing large aircraft. Potentially much less expensive
and flexible than currently used stackers. The potential benefits include increased
ability to access the upper portions of very large aircraft and to carry a very large
payload. Potential impact on the depaint process is the possible application of new
depaint processes that have heavy equipment requirements. The disadvantage of this
technology is its limited ability to reach the underside of the aircraft. Impacts in the
Value Stream include decreased material movement times during the prep, depaint and
deprep activities. See Figure 2.

Enhanced Aerial Lift

This concept applies intelligent control to the joints of an aerial lift (cherry picker) to
allow for coordinate motion. The operator will be able to make natural, direct
movements of the basket through a single input device versus the current multiple
individual joint controls. Hardening and basket ergonomic improvements are also a
facet of this concept. The potential benefits include reduced training, reduced
movement time, reduced ground movements, and reduction in inadvertent collisions
with the subject aircraft. Impact on the depaint process is in the potential in reducing
overall production flow-time. The disadvantage of this system is the cost of the required
modifications to existing aerial lifts to permit smooth operation. Impacts in the Value
Stream include decreased material movement times during the prep, depaint and
deprep activities. See Figure 3.
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Manigmators:
Tripod Manipulator (Patent Pending)

A high payload to weight manipulator based on parallel link technology. This very rigid
yet light structure has great advantages over commercially available serial manipulator
or “robots” for this depaint application. The prismatic links are formed into a tripod
configuration. By coordinating the extension of these three links, three degrees of
freedom in space are achieved. The operator would control the position of the single or
multiple blast nozzles remotely via a joystick. Since remote control is inherent in the
design, this approach allows removing the operator from the blast environment. The
potential benefits include the ability to gang nozzles, remove the operator from the blast
environment, and remove the loads the operator must burden. Potential impacts on the
depaint process are the ergonomic and environmental improvements resulting in
reduced injury down time and the potential reduction in production flow-time. The
disadvantage of the system is the complexity and expense of the additional equipment.
Impact in the Value Stream occurs in the decreased material movement during the
depaint activities. See Figure 4.

Power Assist Wand

An intuitively controlled, telescoping wand that actively reacts to the blast force and is
counterbalanced to offset the weight of the blast hose/nozzle. This ergonomic assist
tool overcomes the difficulties of compensating for a variable reaction force of the
blasting/spraying by constraining the force to always act through a universal joint or
gimbal which is rigidly mounted to the support structure. A motorized telescoping
member then allows the operator to compensate for the proper standoff distance to the
substrate. The operator provides input through an instrumented handle to control a
motor to either extend or retract the telescoping member to maintain the desired
position of the mounted spray/blast nozzle. The gimbal allows yaw and pitch to be
manually adjusted by the operator. A counter weight at the opposite end of the device
is used to compensate for the weight of the spraying equipment. The invention
transfers the weight to the support structure. The potential benefits include the ability to
gang nozzles and remove the loads the operator must burden. Impacts on the depaint
process are the ergonomic improvements resulting in reduced injury down time and the
potential reduction in production flow-time. The disadvantage of the system is the
requirement of additional equipment. Impact in the Value Stream occurs in the
decreased material movement during the depaint activities. See Figure 5. (SwRI has
filed an invention disclosure on this concept)

The four concepts were then evaluated against the requirements by estimating the concept's
potential performance. It should be noted that this is a reduced set of requirements as compared to
the constructed requirements set as listed in Table 1. Some of these requirements could not be
evaluated during this conceptual stage of the program, but are to be considered in later phases
when they can be properly estimated. See Table 3 for the reduced requirements set. The results of
the scoring of the four concepts are presented in Tables 4-7. These tables show the scores for the
major requirements of Flow Time, Performance, Multi-Use, and Health.
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Table 8 shows the calculated customer satisfaction index (CSI) and the associated risk factor for
each concept. The CSl reflects the extent to which a given technology is expected to satisfy or has
satisfied the requirements. The risk factor is the probability of failure in meeting the requirements. It
should be noted that in Table 5, the RoboCrane® concept was scored at 50% for the “percent
coverage” requirement for consistency with the scoring approach of the other concepts. in the final
presentation in Appendix A, the score was estimated at 80% due to the assumption that it would be
used with other equipment. This was presented during the final presentation.

Figure 6 shows the graphical representation of the results in Table 8, in the form of “radar charts”.
All four concepts show good desirability and manageable risk. Any of the four are considered good
candidates for continued development. Each of the concepts offer unique benefits and advantages
and should therefore not be considered as interchangeable solutions.

5.0 DISCUSSION/RECOMMENDATIONS

Although there are several commercial and DoD-developed depaint tools/systems available today;
many of them fall short in satisfying the customer’s requirements. The depaint customer, therefore,
needs additional aids to improve an ergonomically difficult and labor intensive task. This program
focused on listening to the depaint customer and subsequently identifying concepts that should
meet the customer’s requirements set. For this reason, it is recommended that all four of the
presented concepts be further developed for a depainting demonstration. All four showed good
customer satisfaction versus risk as illustrated in the radar charts of Figure 6. This recommendation
to proceed with all four of the concepts is due to the unique needs of each of the ALCs. The four
concepts provide solutions to location specific problems and could dramatically expand the “tool
box” of the depaint customer. It is also recommended that simulations be developed to assist in
developing strategies to increase trigger time and decrease flow-time using these new technologies.
Finally, these concepts offer a new opportunity to explore other nozzies/multi-nozzle/blast
pressures/stand-off distances that would not otherwise be practical in a completely manual process.
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Figure 3. Enhanced Aerial Lift Concept
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Figure 4. Tripod Manipulator Concept

(Patent Pending)
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Figure 5. Power Assist Wand Concept
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Table 1. Constructed Requirements Set
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Table 2. Technology Search Areas

Brainstorming

SwWRI, Boeing, NIST and GreyPilgrim

Industry Search

*Robotics *Large Manufacturing Systems
*Conventional Cranes/Gantry Cranes *Wheel Chair Companies
Lifting Devices *Ergonomic Companies

*High Pressure Water *Surface Crawlers

*Water Tank Depaint ' Large Scale Manipulators
*Ship Building *Open Loop Depaint Systems
*Ship Painting " *Closed Loop Depaint Systems
*Ship Depainting | *Under Water Manipulators
*Hydraulic Manipulators ‘ *Man-Machine Interface
*Master/Slave Devices *Fire Fighting Equipment

*Coordinated Motion Equipment
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Table 3. Reduced Requirements Set

Flow Time | UnitCost T 5
Days of Reduction in Flow Time E Unit Cost E
Performance i Facility Mod Requirement E
% Coverage i Process Equipment E
~ Quality -Touch up | Installation and Checkout Time |
" . Durability E O&S Cost - Over 10 years E
' Real-time Visual E Hours of Training per Operator E
Reliability ; Labor Cost i
E Material Cost E
Operational Complexity ; Lost Time Due to Injuries i
Routine Maintenance E Environmental E
Multi-Use, Flexibility, Compatibility E_ oo EovironmentalImpact ;
Multi-Use Capability Health
Flexibility Reduce Operator Stress
Facility Compatibility Exposure to Hazardous Materials
Flow Time
Percent Reduction in Flow Time
Performance d
% Coverage
Durability
Real-time Visual
Operational Complexity
Routine Maintenance

Multi-Use, Flexibility, Compatibility
Multi-Use Capability
Flexibility
Facility Compatibility

Health
Reduce Operator Stress
Exposure to Hazardous Materials
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